Introduction
Over the last decade, III-nitride semiconductor materials have attracted extensive attention in optical and electrical devices due to their superior properties.
1,2 Gallium nitride (GaN) has a wide direct band gap of 3.4 eV in the ultraviolet (UV) region, is stable at high temperature, and is applicable in high power electronics. 3 In addition, GaN also possesses large exciton binding energy and fast saturation speed of electronic dri, so that GaN has plenty of applications in nanolasers, 4 eld-effect transistors, 5 light-emitting diodes, 6,7 electric generators, 8, 9 eld emitters, 10, 11 and UV photosensors. 12 Low-dimensional structures such as GaN microwires (MWs) are expected to offer potential advantages for micro-nano photonics and micro-nano electronics due to their non-planar geometry, high crystalline quality, superior optical gain property and higher compatibility with the well-established silicon technology. 13 The single crystalline GaN MW has been considered as one of the most promising materials for detecting UV spectrum because of its direct and suitable wide band gap and high absorption coefficient in the UV range.
14 Optical properties of GaN MWs have been extensively studied, including reectance and transmission in the UV-visible-infrared region, 15, 16 photoluminescence (PL), [17] [18] [19] [20] and Raman scattering spectroscopy.
17,21-23
The quantum connement effect responsible for direct band-toband transition in the encapsulated one-dimensional MW has been observed. 18 Remarkably, the lasing of nonpolar GaN MW grown on (100) g-LiAlO 2 single crystal substrate was rstly demonstrated over the past decade. 24 However, great efforts still remain to be made in order to precisely discuss the optical properties of nonpolar GaN MWs. In addition, single MW has been made to act as optical wave-guides and Fabry-Perot cavities. 25 However, there are few reports about the nonpolar GaN MWs fabrication and optical properties. Since the polarizations of nitrides depend on the composition and the strain state, the polarization discontinuities exist at the device interfaces. These polarization changes are related to the xed charge that produces the internal electric eld, which will reduce the oscillator strength and cause a red shi of the optical transition. 26, 27 As a result, the nonpolar a-axial GaN MW provides a solution of eliminating polarization-induced electric eld effects in nitride quantum structures. The correlational research of nonpolar GaN MW needs to be further studied.
In this work, the nonpolar GaN MWs were fabricated and the optical properties of GaN MWs were discussed in details. The neural donor-bound exciton (D 0 X) and the free-exciton (FX) transition dominate in the spectrum at low and hightemperature, respectively. The excellence optical properties of GaN MWs have been illustrated comprehensively, especially for the stimulated amplied emission. In addition, lasing characteristics of GaN MWs were also explored by the nite-difference time-domain (FDTD) method.
Experimental section

Materials and synthesis
For obtaining the single nonpolar a-axial GaN MW, rstly, highly ordered nonpolar a-axial GaN MWs were grown on patterned Si substrate via metal-organic chemical vapor deposition (MOCVD) without the assistance of any catalyst, then the single GaN MW was released by selective wet etching and ultrasonic process.
Measurements
All the experiments were carried out in LabRAM HR Evolution system. In order to measure the PL spectra, the MW was mounted on the closed cycle cryostat with varying temperature from 80 K to 300 K, and excited by the He-Cd laser (325 nm). With regard to the lasing characteristics, the Q-switch Nd:YAG laser (266 nm) at pulsed operation (6 ns, 30 Hz) was utilized. A monochromator (Princeton instrument) was used to analyze the stimulated emission from the edge of single GaN MW collected by an ultraviolet objective lens at room temperature.
Results and discussion
Highly ordered nonpolar a-axial GaN MWs in our experiments were grown on patterned silicon (100) substrate via metalorganic chemical vapor deposition (MOCVD) technique without the assistance of catalyst. 28 The dimension and chemical composition of MWs can be controlled precisely and efficiently by adjusting the pattern of the silicon substrate and tuning of the growth parameters. Two semi-polar crystallographic planes that formed during the growth of the GaN core can be utilized as growth templates for multiple quantum wells or device structure, which will reduce the piezoelectric elds in the active regions. Fig. 1a shows the schematic illustration of the prepared patterned Si substrate. The trapezoidal grooves along the hÀ110i axis of the Si substrate are vertically truncated. Two opposite Si(111) facets of the trapezoidal grooves are separated by a bottom of Si (100) facet. The GaN MWs were synthesized on the sidewall of Si(111) facets selectively and the length of the MWs can be controlled by adjusting the length between adjacent ditches. Fig. 1b shows the optical microscopy images of the synthesized GaN MW arrays (redder line) in the plane of the patterned Si substrate. Fig. 1c shows the representative SEM image of the fabricated single GaN MW released from MW arrays on Si substrate by selective wet etching and ultrasonic process. The longitudinal direction of the as-grown GaN MW was a nonpolar h11À20i direction corresponding to the longitudinal direction of the trapezoidal groove array on the Si substrate.
29 Fig. 1d shows the cross-side SEM image of a single GaN MW, and the GaN MW possesses a faced surface and is enclosed by three sidewalls, that is to say, the cross-section of the GaN MWs is triangle. Fig. 1e shows the complete morphology SEM image of single GaN MW. As shown in Fig. 1e , it is worth pointing out that the GaN MW used in these experiments has a diameter about 600 nm. In addition, the length was up to several hundreds of micrometers. The X-ray diffraction (XRD) patterns of the GaN MWs grown on Si substrate are shown in Fig. 1f . It can be observed that the diffraction angle of the peak is 68
, which is corresponding to the (112) facet (aplane) of GaN MW, as shown in Fig. 1d , the cross section of the GaN MW is triangle. The reason that the MWs tend to exhibit triangle cross section rather than trapezoidal is the presence of the (0001) facet. For the reason that the elongated axis of the wires is h11À20i, so the GaN MWs used in the experiment is nonpolar. Moreover, compared with the FWHM value of the peak 332 arcsec 30 (0.092 0 ), the narrower value as shown in Fig. 1f is only 0.068 0 , which reveal the GaN MWs synthesized has excellent crystalline quality. The temperature-dependent PL spectra of the sample are shown in Fig. 2 . Clearly, the neutral donor-bound exciton (D 0 X) line dominates in the examined low-temperature range (bellow 90 K). Its full width at half maximum is 2.6 meV under low power excitation, which indicates high quality of the sample. In strain-relaxed GaN sample (homoepitaxial lms, or thick heteroepitaxial lms), the D 0 X peak occurs at 3.471 eV at low temperature. 31 In our GaN MW, the D 0 X peak occurs at 3.468 eV at 80 K, indicating the similarity of strain-relaxation. The FX transition is also well disintegrated. As temperature increased, the relative intensity of the FX line with respect to the D 0 X line rapidly increased. This is obviously due to the thermal decomposition of the bound exciton into the free exciton. However, D 0 X transition still keeps its dominant position in the given temperature range. The longitudinal optical (LO) phononassisted luminescence spectra measured at different temperature are also shown in this gure. It can be clearly observed that the emission band occurs at 3.387-3.397 eV. The origin of this band is the LO phonon replica of D 0 X (D 0 X-1LO). In addition,
another peak occurred at 3.293-3.296 eV can be attributed to D 0 X-2LO. 27 When the temperature increases gradually, the intensity of D 0 X becomes weaker and the peaks shi toward lower energy. At above 130 K, the D 0 X peaks are too weak to be identied and the free exciton peaks become dominant in the spectrum. In particular it should be noted that the free excitonic transition is traceable for the whole temperature range and no contribution from band-to-band transition has been noticed. Fig. 3 shows the temperature dependence of the PL peak energies of FX and D 0 X emissions extracted from Fig. 2 . In   Fig. 3 , it can be found that there is small energy difference between the free exciton and D 0 X emissions as the temperature is below 130 K, whereas donor-bound exciton has disappeared so that it cannot be resolved anymore for higher temperature. As expected, the energetic spacing between these transitions has no dependencies with temperature. The energetic different between FX and D 0 X is about 5.6 meV, which is in good agreement with the range thermal activation energy in the range of 5-7 meV (GaN lm). 32 The D 0 X gradually was quenched into FX with the temperature increasing.
For most semiconductor, the variation of the band gap with temperature can be described by the semi-empirically found Vashni formula. 33 Concerning the FX peaks shi towards lower energy with the increasing of the temperature, the band gap of the GaN MW (E g ) versus temperature has been tted via Vashni model. 34 The Vashni formula is given as follows:
where the tting parameters of E g (0) ¼ 3.48131 eV, a v ¼ 7.1 Â 10 À4 eV K À1 , b ¼ 553 K was used for GaN MWs. The above parameters are agree well with the reported value a v ¼ (7.3 AE 0.3) Â 10 À4 eV K À1 and b ¼ (594 AE 54) K. 35 As shown in Fig. 3 , the tting curve with Vashni model proves that the dependency between the bandgap and temperature is reliable. Fig. 2 Temperature-dependent PL spectra of the GaN MWs from temperatures from 80 to 300 K. The emission spikes in the spectrum has been indicated. In order to explore the lasing characteristics of a single GaN MW, the single MW sample was studied by a Q-switch Nd:YAG laser (266 nm) at pulsed (6 ns, 30 Hz) operation. As shown in Fig. 4a , the image of GaN MWs with a triangular cross-section is excited by a 266 nm nanosecond-pulsed laser, which was taken by a digital camera. It can be observed that the blue-violet light emitted from the GaN MW of the two ends is brighter than the center of the GaN MW, which preliminarily indicates strong waveguide behavior and the axial cavity modes are Fabry-Perot (F-P) rather than whispering gallery modes (WGMs). Stimulated emission from the edge of single GaN MW was collected by an objective lens and analyzed by a monochromator (Princeton instrument) at room temperature. It can be seen that a relatively broad spontaneous emission band at 375 nm from the MW ends dominants in the spectrum at low excitation power of 100 kW cm À2 (Fig. 4b) . With increasing excitation power, the end emission intensity increased rapidly and became dominant. Meanwhile, the peak intensity increase super-linearly with the pumping power and the line width of peak decrease dramatically. The above results indicate that the stimulated lasing was constructed in the single GaN MW. Since the single GaN MW used in the stimulated emission is nonpolar, which can remove polarization induced electric effects. Compared with polar GaN MW laser, nonpolar GaN MW laser is free from quantum conned Stark effect (QCSE). Fig. 4c shows the lasing threshold P th extracted to be from the light-in to light-out curve. The threshold excitation power of the GaN MW is about 120 kW cm À2 . It can also be observed that when the excitation power exceeds its threshold, this spontaneous emission peak collapsed into several well-dened narrow peaks centered at around 375 nm, thus indicating strong waveguide properties. It is worth to point out that the strongest laser mode occurred at 375 nm and the FWHM of this peak measured at the stimulated emission is less than 1 nm. This indicates that the mode in the MW cavity is longitudinal. In order to conrm the assumption, the following formula was used to calculated the mode spacing mode:
where l is the emission wavelength, n e is the effective refractive index and L is the MW cavity length. For l ¼ 375 nm, ne is around 2.67 (ref. 37 ) and L ¼ 50 mm, the calculated mode spacing is around 0.53 nm, which is consistent with the mode spacing in the experiment (0.56 nm). Thus the assumption has been proved. The above results indicate the lasing behavior in our GaN MWs. Hence, it is veried that the single GaN MW has an excellent ultraviolet lasing capacity.
To further demonstrate the optical eld connement and light propagation along the wire related to different diameter, the two-dimensional (2D) nite-difference time-domain (FDTD) method (lumerical FDTD solutions) was used to perform the stimulated emission of the GaN MW. 38 The FDTD method is a fully vectorial approach that naturally gives both the time domain and frequency domain information. 39 Near eld E(x,y) patterns of the trilateral cross section of GaN MW resonator has been demonstrated in Fig. 5 . The corresponding wavelength was set as 375 nm. Fig. 5a indicates fundamental nonradiative mode electric eld distribution E(x,y) patterns conned in the trilateral cross section of the GaN MW along the x-y plane. Meanwhile, the corresponding radiative mode was demonstrated in Fig. 5b . For a small size of MW (D ( L), the cavity Fig. 4 (a) The far-field image of the lasing a bare GaN MW which was taken by a digital camera. (b) Room-temperature lasing spectra of the single GaN MW with different excitation intensity. (c) Emission intensity versus excited power. The plot presents the evolution from a spontaneous emission, amplified spontaneous emission to lasing process.
diameter is much smaller and the reection coefficient of mirror surfaces is small, so the waveguide loss can be neglected. However for large diameter MWs, the waveguide loss is large and needed to be considered in the GaN MWs. According to the case of D ¼ 1200 nm in Fig. 5b , the microcavity loss and the eld conned in the cross section can be of coexistence. It is well known that the fundamental mode belongs to the most basic pattern in the eld distribution and belongs to the mode of the highest priority distribution. The near eld pattern with different dimensions of MWs are shown in Fig. 5 , showing that the fundamental mode always exist and the light eld can be conned in the cross-section of the microcavity. It needs to be mentioned that radiative mode (the loss of the cavity surface mode), in the ideal case, the photon in the cross-section essentially exists with a state of captivity, but also note that the incident angle of the photon on the interface also determines whether the photon can be refracted out. Therefore the radiative mode is the refraction of the photon at the interface of the eld distribution, which also veried why the light from stimulated emission of the MW in the optical pumping condition (Fig. 4a) is very excellent.
Due to the inevitable waveguide loss of GaN MW, part of the excited photons of GaN MW would propagate along the axis of MW under optical pumping. There, the simulation model's result about waveguide mode transmission of a bare GaN MW placed on a substrate are shown in Fig. 6 . This kind of model can be used to indicate the oscillation transmission process of the photons, which escaped from the F-P microcavity by means of 3D nite-difference time-domain (FDTD) methods. Fig. 6a-c shows the simulation of near eld E(x,y) patterns on waveguide mode transmission of GaN MWs with TEM mode, TE mode, TM mode, respectively. As is well known, the oscillation pattern of the F-P cavity is relatively single, energy spread along the axis of the MW with a manner of oscillating back and forth inside the cavity. From this gure (three different waveguide modes), it can be seen that the photos of the cavity modes could be trapped inside the cavity body, and the corresponding standing wave pattern of the oscillation was formed between the two end faces of the microcavity. Perfect standing wave eld distribution was observed and the wave beam could propagate back and forth between the two end faces of the microcavity to form the F-P resonance mechanism. It should be noted that a handful of the light escaped from the cavity and transfers to free space, indicating some optical loss at the GaN/air and GaN/substrate interface. The aforementioned discussion shows that the GaN MW can be used to realize F-P lasing quality due to the optical loss of the bare microcavity and the result is coincident with the experimental observation.
Conclusions
In conclusion, a single nonpolar a-axial GaN MW was fabricated by MOCVD. The structure and optical properties of the GaN MWs were detail discussed. The D 0 X emission dominates in the low temperature range, and the FX emission dominates at high temperature in GaN MWs. Then stimulated emission was observed in the single GaN MW. The strongest laser mode occurs at 375 nm. The threshold is about 120 kW cm À2 , the laser mode spacing is 0.8 nm. 
